In this work, a novel n-type CdS nanorods/p-type LaFeO 3 (CdS NRs/LFO) nanocomposite was prepared, for the first time, via a facile solvothermal method. The as-prepared n-CdS NRs/p-LFO nanocomposite was characterized by using powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM), energy-dispersive X-ray spectroscopy (EDX), UV-visible diffuse reflection spectroscopy (DRS), vibrating sample magnetometry (VSM), photoluminescence (PL) spectroscopy, and Brunauer-Emmett-Teller (BET) surface area analysis. All data revealed the attachment of the LFO nanoparticle on the surface of CdS NRs. This novel nanocomposite was applied as a novel visible light photocatalyst for the degradation of methylene blue (MB), rhodamine B (RhB) and methyl orange (MO) dyes under visible-light irradiation. Under optimized conditions, the degradation efficiency was 97.5% for MB, 80% for RhB and 85% for MO in the presence of H 2 O 2 and over CdS NRs/LFO nanocomposite. The photocatalytic activity of CdS NRs/LFO was almost 16 and 8 times as high as those of the pristine CdS NRs and pure LFO, respectively. The photocatalytic activity was enhanced mainly due to the high efficiency in separation of electron-hole pairs induced by the remarkable synergistic effects of CdS and LFO semiconductors. After the photocatalytic reaction, the nanocomposite can be easily separated from the reaction solution and reused several times without loss of its photocatalytic activity.
Introduction
In the past decades, novel visible-light-driven semiconductors have attracted considerable attention as the most promising materials in the photocatalytic eld, especially for the application in degradation of organic contaminants and the conversion of solar energy. [1] [2] [3] [4] Among various semiconducting materials, TiO 2 is probably the most promising one because of its high photocatalytic efficiency, excellent chemical and photochemical stability, environmental friendliness, and low-cost for large-scale water treatment. 5, 6 However, TiO 2 can absorb only UV light in the solar spectrum, accounting for only 4-5% of sunlight, because of its large energy band gap of 3.2 eV, so that the effective utilization of visible light or solar energy is limited. [7] [8] [9] [10] [11] [12] To increase the utilization efficiency of sunlight and improve the photocatalytic activity, novel visible-light photocatalysts with high activity and stability must be developed. [13] [14] [15] [16] [17] [18] Among visible-light-driven photocatalysts, cadmium sulde (CdS), an n-type semiconductor with a band gap of $2.4 eV, is one of the most important semiconductors and has been extensively studied during the past decades. [19] [20] [21] The narrower band gap promotes the utilization of visible light and makes CdS a competitive candidate as a visible light photocatalyst. However, the rapid recombination of the excited electron-hole pairs, low quantum yield and high susceptible to sulde photocorrosion of the CdSbased photocatalyst are obstacles which seriously limit its further utilization in practical wastewater remediation. 22 The construction of p-n-type heterojunction composites should be a suitable strategy to delay the electron-hole pair recombination, stabilize the structure, and improve the photocatalytic activity of semiconductors. [23] [24] [25] [26] [27] In this context, the CdS-based heterojunctions such as CdS-TiO 2 , 28 CdS-GO, 29 CdS-Bi 2 MoO 6 , 30 CdS-Bi 2 WO 6 , 31 CdS-C 3 N 4 32 and CdS-Bi 2 O 2 CO 3 33 have been reported, which exhibited high photocatalytic activity and stability. However, the wide band gap semiconductors can not absorb as much visible light or solar energy. If CdS combines with a narrow band gap semiconductor, the light absorbing would be enhanced. Thus, the continuous development
Experimental

Materials
All reagents were purchased from Merck chemical company and used without further purication: cadmium nitrate (Cd(NO 3 ) 2 -$4H 2 O, 97%), thiourea (CH 4 N 2 S, 98.5%), ethylenediamine (C 2 H 8 N 2, 100%), potassium hexacyanoferrate(III) (K 3 [Fe(CN) 6 ]$ 5H 2 O, 99%), lanthanum(III) nitrate hexahydrate (La(NO 3 ) 3 -$6H 2 O, 98%), methylene blue (MB, C 16 H 18 ClN 3 S, 98%), rhodamine B (RhB, C 28 H 31 ClN 2 O 3 , 98%), methyl orang (C 14 H 14 N 3 NaO 3 S, MO, 98%). All other reagents used in this study were analytically pure and used without further purication.
Characterization techniques
X-ray powder diffraction (XRD) patterns were obtained at room temperature by a XPertPro Panalytical diffractometer using Ni-ltered Cu Ka radiation (l ¼ 1.5406Å). Infrared spectra were obtained using a Shimadzu 160 Fourier-transform infrared spectroscopy (FTIR) instrument in the range of 4000-500 cm À1 . UV-Vis diffuse reectance spectra (DRS) of photocatalyst samples were measured on Scinco S4100 spectrophotometer using BaSO 4 as the reference. The morphological observation and the elemental mappings were carried out with a eld emission scanning electron microscopy (FESEM, Mira3 Tescan, Czech) equipped with a link energy-dispersive X-ray analyzer. Transmission electron microscopy (TEM) and high-resolution-TEM (HRTEM) images were taken on EM10C electron microscope operating at a voltage of 100 kV. The Brunauer-Emmett-Teller (BET) analysis was performed to obtain the specic surface area and porosity of samples by a PHS-1020 PHSCHINA nitrogen adsorption apparatus at 77 K. All the samples were degassed at 180 C prior to nitrogen adsorption measurements. An adsorption isotherm was used to determine the pore size distribution by the Barrett-Joyner-Halenda (BJH) method. Magnetic measurements were employed using a vibrating sample magnetometer (VSM, Daneshpajoh Kashan Co, Iran) with a maximum magnetic eld of AE10 kOe at room temperature. X-Ray photoelectron spectroscopy (XPS) measurements were obtained using the Bestec XPS system with an Mg-Ka source and photon energy of 1486.6 eV. All the binding energies were referenced to the C 1s peak at 284.6 eV of the surface adventitious carbon. The photoluminescence (PL) spectra of photocatalysts were measured using a uorescence spectrophotometer (F-4500, Hitachi) at an excitation wavelength of 330 nm. Ultraviolet-visible (UV-Vis) spectra of dye solutions during photocatalytic degradations were recorded at room temperature on a Varian Cary 100 spectrophotometer. The content of LFO in the nanocomposite was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, model OEC-730).
Synthesis of CdS nanorods (CdS NRs)
Cd(NO 3 ) 2 $4H 2 O (1.92 g) and thiourea (1.42 g) were added to 40 mL of ethylenediamine solvent and stirred for 15 min at room temperature. Then, the mixture was transferred into a 50 mL Teon-lined autoclave and maintained at 180 C for 24 h. The yellow colored precipitate was separated, washed several times with ethanol and distilled water and then dried at 80 C for 12 h.
Synthesis of LaFeO 3 nanoparticles (LFO NPs)
Initially, La[Fe(CN) 6 ]$5H 2 O complex was synthesized as a reddish-brown precipitate via mixing aqueous solutions of equimolar amounts of La(NO 3 ) 3 $6H 2 O (2.16 g, 5 mmol) and K 3 [Fe (CN) 6 ] (1.64 g, 5 mmol) with continuous stirring, according to the literature method. 47 The resulting precipitate was washed with water, ethanol and diethyl ether, before drying in air at 50 C. In order to prepare LFO nanoparticles, an appropriate amount (5 g) of the La [Fe(CN) 6 ]$5H 2 O complex was placed in a porcelain crucible and then heated in a furnace electric at 700 C under air atmosphere for 2 h.
Synthesis of CdS nanorods/LaFeO 3 (CdS NRs/LFO)
The synthetic route to CdS NRs/LFO composite is described as follows: LFO NPs (0.1 g) were dispersed in ethylenediamine (40 mL) and sonication for 1 h. Then, Cd(NO 3 ) 2 $4H 2 O (0.32 g) and thiourea (0.16 g) were added, and the mixture was sonicated for 30 min. Then, the above mixture was transferred into a 50 mL Teon-lined autoclave and maintained at 200 C for 24 h. The pale green precipitate was ltered and washed several times with ethanol and distilled water and then dried at 80 C for 12 h. For comparison, pure CdS nanorods sample was also prepared in ethylenediamine solvent under the same conditions without adding LaFeO 3 . The ICP-AES results indicated that the loading amount of LaFeO 3 in the as-prepared CdS nanorods/LaFeO 3 (CdS NRs/LFO) nanocomposite was estimated to be 38.85 wt%.
Photocatalytic degradation of organic dyes
Visible light photocatalytic activity of the CdS NRs/LFO nanocomposite was evaluated for the degradation of MB, RhB and MO dyes in aqueous solutions. A 400 W Hg lamp with a UV cutoff lter (l > 420 nm) was used as the visible light source. The reactions were conducted in an open Pyrex cylindrical glass vessel containing dye solution (100 mL, 25 mg L À1 ), H 2 O 2 (4 mM) and CdS NRs/LFO photocatalyst (50 mg). The suspension was magnetically stirred in the dark for 3 h to attain adsorptiondesorption equilibrium prior to irradiation by visible light. At a dened time interval, 2 mL aliquots of the reaction solution were sampled, the samples were centrifuged to remove the suspended CdS NRs/LFO. The residual MB, RhB, and MO concentrations were determined on a UV-Vis spectrometer at maximum absorbance wavelengths of 664, 554, and 463 nm, respectively. The degradation percentage was calculated using: [(C 0 À C t )/C 0 ] Â 100%, where C 0 is the dye concentration aer adsorption equilibrium and before irradiation and C is the dye concentration aer irradiation.
The effects of various parameters, such as the concentration of H 2 O 2 (0-5 mM), photocatalyst dosage (0-75 mg) and initial dye concentration (25-45 mg L À1 ) were studied on the photocatalytic activity of the CdS NRs/LFO nanocomposite by a similar process described above. Photocatalytic activities of pure CdS NRs and pristine LFO were also evaluated by the degradation of MB aqueous solution in a same manner. To investigate the photocatalytic stability and reusability of the sample, the photocatalytic activity measurements mentioned above were repeated for ve cycles using an aqueous MB solution (50 mL, 25 mg L À1 ). Aer each cycle, the spent photocatalyst was separated from the treated MB solution, washed with deionized water, dried in an oven, and used for the next cycle.
Results and discussion
Characterization of the photocatalyst
Crystal structure and phase composition of the samples were rst characterized by XRD and the results are shown in Fig. 1 . Fig. 1(a) illustrates the XRD pattern of pure LFO nanoparticles and all peaks can be well-indexed to the perovskite-type LFO phase according to the JCPDS card no. 37-1493. The XRD pattern of pristine CdS NRs in Fig. 1(b) showed the presence of hexagonal phase as can be seen from the well-resolved (1)) was used to calculate the crystallite size of the LFO nanoparticles: 48
where l is the wavelength (Cu-Ka), b 1/2 is the broadening of the diffraction line measured at half of the maximum intensity, q is the Bragg angle for a given diffraction, and D p represents the crystallite size. The crystallite size of the LFO nanoparticles was found to be 85 nm from the highest intensity peak of the (121) plane.
FT-IR spectra of the as-prepared CdS NRs, LFO, and CdS NRs/LFO nanocomposite are indicated in Fig. 2 . In the spectrum of LFO in Fig. 2(a) , the strong bands at about 557 and 430 cm À1 are assigned to the Fe-O stretching and bending vibrations of the octahedral FeO 6 groups in the perovskite-type structure, respectively. 49 The FT-IR spectrum of the CdS in Fig. 2 (b) does not show any band due to the Cd-S vibration appears below 400 cm À1 . 50 Fig. 2(c) shows the FT-IR spectrum of the CdS NRs/LFO nanohybrid, which displayed two main absorption bands below 1000 cm À1 . These bands could be related to the LFO nanoparticles in the nanocomposite. It is noted that in some spectra broad bands appeared at about 3550 and 1600 cm À1 which are related to the stretching and bending vibrations of the water molecules absorbed by the sample or KBr pellet. Also, in the FT-IR spectra of samples weak bands were observed in the 2400 cm À1 which are attributable to atmospheric CO 2 gas chemisorbed on the surface of the samples particles during handling to record the spectra.
The morphology and microstructure of the CdS NRs/LFO nanocomposite were investigated by scanning electron microscopy (SEM). As shown in Fig. 3 , the SEM images of LFO nanoparticle and CdS NRs nanohybrid reveal spherical and nanorod morphologies respectively. The image in Fig. 3 (a) indicates that the synthesized LFO nanoparticles are about 80 nm in diameter size. SEM image in Fig. 3(b) show that the CdS NRs have a rough surface and porous structure, and are about 50-80 nm in diameter and 2-3 mm in length which could be used for further to make the LFO spheres on the surface. During the of CdS NRs/LFO hybrid formation, LFO spheres with an average size of 80 nm were formed on the surface of CdS NRs as shown in Fig. 3 (c) and (d), conrming the decoration of that a CdS NRs/LFO heterojunction is well-constructed between CdS NRs and LFO nanoparticles. This heterojunction between n-type CdS and p-type LFO can facilitate the charge transfer more readily to signicantly reduce the recombination of electron-hole pairs as well as to enhance the visible-light-driven photocatalytic activity of CdS NRs/ LFO nanocomposite. The optical properties of as-synthesized CdS NRs, LFO and CdS NRs/LFO samples were investigated by UV-Vis DRS absorption spectroscopy as shown in Fig. 6 . According to the spectrum in Fig. 6(a) , the CdS sample exhibited strong absorption in the l < 540 nm region. 51 However, aer coupling CdS with LFO, the obtained composite exhibited a wider absorption band in the visible region. The CdS NRs/LFO composite sample was red shied compared with CdS. This was attributed to LFO particles assembled on the surface of CdS NRs acting as a visible light semiconductor to extend the optical response. Obviously, the visible light absorption of CdS NRs/LFO heterojunction is better than that of CdS, which possibly results good visible-light utilization. The band gap energy (E g ) of samples can be deducted from the formula: 51,52 (ahn) 2 NRs exhibits a very small hysteresis loops. The hysteresis loops of the as-prepared LFO and CdS NRs/LFO samples are of type H3 in the range of p/p 0 ¼ 0.7-1.0 and the saturated adsorption state cannot be achieved till p/p 0 ¼ 1.0. This clearly suggests the formation of mesopores and macropores in the above materials and is in good agreement with their corresponding pore size distributions in the inset of Fig. 8 . The Brunauer-Emmett-Teller (BET) surface area, the pore volume and average pore size for CdS NRs, LFO and CdS NRs/LFO were calculated and the results are presented Table 1 . As given in Table 1 , the pore volume and average pore size of the CdS NRs/LFO composite material were found to be higher than pure CdS NRs. Furthermore, the BET surface area of composite is relatively high (18.28 m 2 g À1 ) compared to that of pure CdS NRs (5.02 m 2 g À1 ). This could be related to decrease stacking and impeded aggregation of CdS NRs due to the presence of LFO nanoparticles. LFO nanoparticles could not only prevent agglomeration of the CdS NRs and enable a good dispersion of these rod-like particles, but also substantially enhance the porosity and specic surface area of the composite. It can be concluded that introduction of LFO nanoparticles has a good effect on the structure of CdS NRs and increases the surface area and porosity of CdS NRs which are all useful factors for improving the adsorption and photocatalytic performance (indicated later). The surface composition and chemical state of atoms in the CdS NRs/LFO composite were further analyzed by X-ray photoelectron spectroscopy (XPS). The survey spectrum in Fig. 9(a) indicates the coexistence of Cd, S, La, Fe, and O elements in the composite and no other element signals can be detected, suggesting the high purity of the composite. Fig. 9 (b) displays the XPS spectrum of S 2p region, which contains two peaks at 161.95 eV and 162.71 eV assigned to S 2p 3/2 and S 2p 1/2 , respectively, implying that the sulfur occurred as S 2À ions. 53 The high resolution XPS spectrum of Cd 3d in Fig. 9(c) shows two peaks at 405.58 eV and 412.32 eV which were belong to Cd 3d 5/2 and Cd 3d 3/2 energy levels respectively. 54 The spin orbit separation of the 3d orbital is 6.74 eV, demonstrating that the Cd element in samples exists in the state of Cd 2+ ions. 55 For pure CdS (XPS not shown here), the Cd 3d 5/2 and 3d 3/2 peaks are located at 403.70 eV and 410.50 eV, respectively. Aer coupling with LFO, a positive shi of 2 eV is obviously seen in comparison with pure CdS. The result is attributed to the electron transfer from CdS to LFO. Such a transfer is very favorable to improve the performance of catalyst. In Fig. 9(c) , the peaks of Fe 2p 3/2 and Fe 2p 1/2 at 711. 35 and 725.69 eV, respectively, were assigned to the core level spectra of Fe 3+ in its oxide form. 56 Two La 3d peaks at 836.06 and 852.30 eV in Fig. 9(d) were identied as spin-orbit splitting of 3d 5/2 and 3d 3/2 of La 3+ , respectively, in the oxide. 57 The O 1s peaks (not shown here) can be deconvoluted into three peaks, corresponding to the surface adsorbed oxygen species, the oxygen of surface hydroxyl and the perovskite lattice oxygen of LFO. The XPS results further conrm the formation of CdS NRs/LFO composite, especially, the presence of strong interaction between CdS and LFO, consistent with the XRD and HR-TEM. In particular, compared with the Cd 3d and S 2p peaks in the spectrum of pure CdS (XPS not shown here), those in the spectrum of CdS NRs/LFO composite are shied to higher binding energies. Such a shi reects the decrease in electron density around both Cd 2+ and S 2À due to electron transfer from CdS to LFO in the CdS NRs/LFO structure, which is very favorable to improve the performance of photocatalyst.
Photocatalytic degradation of dyes
The photocatalytic performance of CdS NRs/LFO nanocomposite was investigated for degradation of organic dyes irradiated with visible light. A series of experiments were carried out to investigate the MB dye degradation under different conditions, and the results are presented in Fig. 10(a) . As can be seen, the ability of photo alone or H 2 O 2 /photo for degrading MB was negligible. In the control experiments, no degradation of MB was observed in the absence of photocatalyst, indicating that MB was stable and did not undergo a photolytic process. The degradation efficiency of MB by H 2 O 2 and in the absence of catalyst was about 4% within 180 min of irradiation, which can be attributed to slight production of hydroxyl radicals through direct photo decomposition of H 2 O 2 . Furthermore, the degradation efficiencies of MB with the CdS NRs/H 2 O 2 /photo, CdS NRs/LFO/H 2 O 2 /(in dark), LFO/H 2 O 2 /photo, and CdS NRs/LFO/ photo systems were 23%, 26%, 33%, and 46%, respectively. It is noted that the MB dye is degraded by CdS NRs/LFO/H 2 O 2 system in dark and the initial absorbance decreased about 26% under this condition. This weak degradation had occurred aer maintaining the suspension in the dark for 3 h to establish an adsorptiondesorption equilibrium when H 2 O 2 was present. It is interesting to note that some perovskite-type Fe-based materials have been conrmed as heterogeneous Fenton-like catalysts. [57] [58] [59] Then, perovskite-type LaFeO 3 (LFO) in the CdS NRs/LFO is probably acting as heterogeneous Fenton-like catalyst. When H 2 O 2 was introduced into the reaction suspension, the interfacial Fe atoms of LFO nanoparticles (denoted as Fe III ) could react with H 2 O 2 to form $OH radicals through Fenton-like reaction, leading to the degradation of organic dyes in dark. 60 The main Fenton-like process in dark could be depicted as below (eqn (2)-(4)): for efficient degradation of MB. Fig. 10(b) shows the change in the absorption spectrum of MB as a function of irradiation time. In the presence of photocatalyst and H 2 O 2 , the intensity of the characteristic absorption peak of MB at 664 nm decreased gradually with time and it approximately disappeared aer 3 h. Similar behaviors were observed for the RhB and MO dyes. As shown in Fig. 10(c) and (d) , the characteristic absorption peaks of RhB and MO at 554 nm and 463 nm, respectively, decrease as time increases. The degradation rates (C/C 0 ) of dyes as a function of irradiation time are compared in Fig. 11(a) . Aer irradiation for 180 min, the degradation percentages were 97.5% for MB, 80% for RhB, and 85% for MO. The degradation kinetics of MB dye was also investigated through the rate constant (k) for a better comparison of the photocatalytic efficiency of the samples. Then, to estimate the rate of the reaction in the photodegradation experiments, the pseudo-rst-order equation was used: 61 ln(C 0 /C) ¼ kt, where C 0 and C are the dye concentrations before and aer irradiation, respectively, k is the pseudo-rst-order rate constant, and t is the reaction time. The calculated photocatalytic reaction rate constants (k) in this work are displayed in Fig. 11(b) Fig. 12(a) . It can be clearly seen that, in the absence of H 2 O 2 , only 46% of MB was degraded. While by increasing the amount of H 2 O 2 , from 0 mM to 4 mM the degradation efficiency increased correspondingly from 46 to 97.5%. This degradation rate enhancement was attributed to an increase in $OH as a result of the higher H 2 O 2 dosage. However, more increasing the H 2 O 2 amount to 5 mM, the degradation efficiency decreases. The excess H 2 O 2 molecules act as a scavenger of $OH to generate perhydroxyl ($OOH) radicals with lower oxidation potential. 62 3.2.2. Effect of catalyst dosage. Fig. 12(b) shows the effect of CdS NRs/LFO dosage on the photocatalytic degradation of MB in solutions containing the initial dosage range of 0-75 mg nanocomposite and H 2 O 2 (4 mM) under the constant irradiation time (180 min). The degradation of MB was negligible in the absence of the CdS NRs/LFO nanocomposite. The degradation rate was observed to increase with increasing catalyst dosage and an optimum degradation of 97.5% was found at a dosage of 50 mg. Further increasing the catalyst dosage past this value resulted in a decrease in catalytic efficiency. Higher dosages of photocatalyst were thought to absorb more incident photons and produce more photogenerated charges carriers and also more $OH radicals due to more active sites, up to an optimum value of dosage where the maximum photocatalytic activity was realized. Past this optimum, the particles suspended in the solution were thought to cause shielding and light scattering, affecting the light transmittance in solution. In addition, the photons could not be continuously injected into photocatalyst particles and may have accelerated the recombination of electrons and holes. 63 Therefore, excess catalyst dosage resulted in the decrease of the photocatalytic activity past the optimum value. 3.2.3. Effect of initial dye concentration. The effect of initial solution dye concentration on its photocatalytic degradation efficiency was investigated, as it is an important parameter in the degradation of organic pollutants. MB concentrations in the range of 25-45 mg L À1 were studied, and the results were shown in Fig. 12(c) . The activity tended to decrease with increasing MB concentration, where the observed difference may have been due to the effect of dye concentration on the light penetration into solution. 64 The solution transmittance decreased with increasing concentration, resulting in fewer photons reaching the catalyst surface, and this was thought to have a negative inuence on the separation of photogenerated charge carriers, and causing a reduction in degradation activity. This result was consistent with literature for the effect of initial concentration on photocatalysis. 65 3.2.4. Studies of photocatalytic degradation mechanism. The position of conduction band (CB) and valence band (VB) of a semiconductor is one of the important factors that affect the photocatalytic activity. The potentials of the conduction band (CB) and valence band (VB) edges of LFO and CdS NRs were calculated according to the Mulliken electronegativity theory, which is shown as follow in eqn (5) and (6): 66
where E VB and E CB stand for the conduction band and valence band edge potential, respectively, c is the absolute electronegativity of the semiconductor, which is the geometric mean of the electronegativities of the constituent atoms. The c value is calculated to be 5.96 eV for CdS and 5.70 eV for LaFeO 3 , respectively. Ee is the energy of free electrons on the hydrogen scale (4.5 eV vs. NHE), E g is the band gap of semiconductor. The calculated E CB ¼ 0.03 eV, E VB ¼ 2.16 eV for LFO and E CB ¼ À0.52 eV, E VB ¼ 1.88 eV for CdS. These results conrm that CdS and LFO can form an overlapping band structure. Based on all the information presented above and literatures, [30] [31] [32] [33] [41] [42] [43] [44] a possible mechanism of charge transfer in CdS NRs/LFOvisible light system is proposed in Fig. 13 . Under visible-light irradiation, both CdS NRs and the LFO can absorb the photon energy and produce the electron-hole pairs. Since, the at band potential of CdS is more negative than that of LFO, the electrons keep transferring from CdS to LFO until the Fermi level equilibrium of both is attained. Meanwhile, photoinduced holes from valence band (VB) of LFO would be immigrated to the less positive VB of CdS. The electrons in CB reacted with H 2 O 2 to produce hydroxyl radicals ($OH), which were active enough to degrade MB. Furthermore, the VB edge potential of CdS (1.88 eV) was less positive than E 0 ($OH/OH À ) (+2.38 eV), conrming that the photogenerated holes could not oxidize OH À or H 2 O to yield $OH. The holes stored in the VB of CdS can also oxidize organic pollutants directly. Finally, the active species oxidize the dye molecules to the degradation products such as CO 2 , H 2 O, SO 4 2À , NO 3 À , NH 4 + and Cl À (eqn (7)-(9)). 3.2.5. Evidences of the mechanism. In order to identify the active species generated over CdS NRs/LFO heterojunction and conrm the mechanism of photocatalysis, the trapping experiments were performed. 67 Isopropyl alcohol (IPA) and disodium ethylene-diaminetetraacetate (EDTA-2Na) were used as the scavengers of the hydroxyl radical ($OH) and photogenerated holes (h + ), respectively. 68, 69 By adding two different scavengers in MB solution with CdS NRs/LFO heterojunction, trapping experiments were conducted to nd out the most effective species. As shown in Fig. 14(a) , the MB degradation is signicantly inhibited and only 36% of the dye is degraded on adding IPA as a scavenger of the hydroxyl radical ($OH) to the reaction solution. This implies that the dye degradation is highly correlated with $OH and the $OH radicals formed through the direct reaction of photogenerated electrons with the H 2 O 2 molecules are the major active species responsible for MB degradation. On the contrary, the addition of EDTA-2Na as a scavenger of the holes (h + ) to the reaction solution has only a minor suppression on the degradation of MB and the dye degradation still maintains a high level of 76% aer 3 h of photocatalysis, indicating that h VB + is not the dominant reaction species in the photocatalysis. This means that the oxidation of dye molecules occurs directly by the photoinduced holes as a minor reaction. The migration and separation efficiency of photo-generated charge carriers between the two semiconductors in the nanocomposite were extensively investigated by photoluminescence (PL) spectroscopy. [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] PL spectroscopy is a useful technique to survey the separation efficiency of the photogenerated electronhole pairs in semiconductors because the electron-hole recombination's in semiconductors are mainly responsible for PL emissions. 80, 81 Actually, the PL emission is a mainly consequence of the recombination of photoexcited electron-hole pairs, and a lower PL intensity indicates a lower recombination rate of photoexcited electron-hole pairs. 82-85 PL spectra are presented in Fig. 14(b) for pure CdS and the CdS NRs/LFO composite. A main emission peak was observed at about 540 nm for the pure CdS which was attributed to fast recombination of electron-hole pairs in the CdS material. 86, 87 The intensity of this emission peak signicantly decreased upon LFO loading, but the uorescence emission peak position did not change. This indicated that the recombination of the photoexcited electrons and holes was greatly reduced by coupling the CdS and LFO. As we known, intensity of the PL spectrum of a semiconductor mainly results from the recombination of electrons-holes pairs. Hence, there is a strong correlation between PL emission intensity and separation of the photogenerated charge carriers. 88 For this reason, the weakened emission intensity in CdS NRs/LFO nanocomposite indicates inhibition of electron-hole recombination due to the cocatalytic effect of LFO, which lengthens the lifetime of charge carriers and is benecial for the improvement of photocatalytic activity. 3.2.6. Reusability and stability of CdS NRs/LFO. The stability of the catalyst material is one of the main advantages of the application of heterogeneous catalysts and photocatalysts in wastewater treatment. The as-synthesized nanocomposite is insoluble and can be separated from the reaction mixture by simple centrifugation, washed with water and reused for a new photodegradation experiment. The typical cycling experiments of CdS NRs/LFO were conducted to evaluate their long-term serving life, and the results are shown in Fig. 15(a) . It can be clearly seen that the photocatalytic activity decreases slightly aer ve cycles, indicating that CdS NRs/LFO photocatalyst has a good stability. The nature of the recovered catalyst was also tested. As shown in Fig. 15(b)-(d) , FT-IR, XRD and SEM analyses of the recycled CdS NRs/LFO catalyst showed no change in comparison with those of the fresh sample. These ndings conrm that the structure of the CdS NRs/LFO nanocomposite is stable under the reaction conditions which are of great signicance for practical application.
CdS NRs/LFO + visible light / CdS NRs (h VB
+ ) + LFO (e CB À )(7)H 2 O 2 + e CB À / $OH + OH À(8)
Conclusions
In summary, a novel p-n CdS NRs/LFO heterojunction composite was successfully synthesized by coupling CdS with LFO and used as a visible light photocatalyst for the degradation of organic dyes. Compared with the pristine CdS and bare LFO, the CdS NRs/LFO sample demonstrated much higher photocatalytic activity. The superior photocatalytic activity and stability of this composite were attributed to the formation of the heterojunction structure, effectively promoting the separation of photogenerated electron-hole pairs in agreement with the results of PL. Furthermore, the cycling experiments revealed the good stability of CdS NRs/LFO composite. Besides, the study on the photocatalytic mechanism of the CdS NRs/LFO heterojunction shows that $OH radicals and h VB + are the participants for the degradation process of dyes. The synergistic interactions between the LFO and CdS provide a robust and novel method for combining two visible light photocatalysts to expand their visible light absorption. Meanwhile, this study provides some new insights into the design and fabrication of advanced catalysts with p-n heterojunction structures toward highly-efficient photocatalytic applications in organic pollution treatment under visible light irradiation.
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